The green alga Desmodesmus serratus is a common small Desmodesmus species. The highly variable morphology among strains and natural populations suggested that this taxon was in need of revision using a combination of molecular and morphological characters. Thirty-six isolates that were assigned to D. serratus on the basis of morphology or that were known to be closely related to D. serratus on the basis of the results of DNA sequence analysis were examined. These isolates were evaluated by light microscopy, electron microscopy, and phylogenetic analysis of DNA sequences from the nuclear ribosomal internal transcribed spacer (ITS) regions, nuclear 5.8S ribosomal DNA, and the plastid rbcL gene. Results of the analyses of ITS and rbcL sequence data were congruent. On the basis of the results of these analyses, we propose the new species Desmodesmus itascaensis, Desmodesmus perdix, Desmodesmus serratoides, Desmodesmus pseudoserratus, and Desmodesmus santosii. Two of these species, D. perdix and D. pseudoserratus, possess morphologies identical to that of D. serratus. However, these species were all clearly separated on the basis of the results of DNA sequence analysis. The new species as well as D. serratus form a monophyletic lineage that is allied with the small, spineless species, Desmodesmus costato-granulatus, Desmodesmus lunatus, Desmodesmus elegans, Desmodesmus ultrasquamatus, and Desmodesmus regularis.
INTRODUCTION
Desmodesmus serratus (Corda) S.S. An, Friedl & E. Hegewald was described as Arthrodesmus serratus by Corda (1839) and transferred to the genus Scenedesmus Meyen by Bohlin (1901) and to Desmodesmus by An et al. (1999) . Bohlin provided a more detailed and specific illustration than that of Corda, and this more detailed illustration has generally been used to typify the species. Desmodesmus serratus is presently interpreted as a four-celled Desmodesmus taxon with oval-elongated cells possessing a row of short spines (less than 1 mm) on the lateral walls of the outer cells or of all cells of the coenobium. The taxon has often been recorded and is known from many locations (e.g., http://www.algaebase.org/search/species/detail/?species_id5 27902). The species is classified as eutrophic (e.g. Thunmark 1945; Jä rnefelt 1952) . Desmodesmus serratus, along with the small, spineless taxa of the Desmodesmus costatogranulatus group (Vanormelingen et al. 2007) , serves as food for planktonic animals such as rotifers (Schlü ter et al. 1987) .
Nine valid subtaxa of D. serratus have been described (Hegewald & Silva 1988) , and two species are included in this species as synonyms: Scenedesmus kerguelensis Wille and Scenedesmus arvernensis R. & F. Chodat (Komá rek & Fott 1983) . Various authors have indicated somewhat different dimensions for D. serratus. Komá rek & Fott (1983) gave cell lengths of 7.8-20 mm, Hindá k (1990) 7-11-(18) mm, and Chodat (1926) 15-20 mm. On the basis of specimens of Smith (1916) , Chodat (1926) described Scenedesmus serratus f. minor Chodat with cell lengths of 10-12 mm, and Philipose (1967) gave cell lengths of 22-26 mm for S. serratus f. interruptus Philipose.
Desmodesmus serratus is best characterized by scanning electron microscopy (SEM) of the cell wall substructure. Significant features of the species include large warts over the cell surface and (typically) short terminal spines (An et al. 1999; Tsarenko et al. 2005) . Studies with SEM (Tsarenko et al. 1996 (Tsarenko et al. , 2005 ) demonstrated a high variability of the cell wall ultrastructure among different strains, or among specimens in the same natural sample. These differences included differing numbers and arrangement of warts and the presence or absence of both terminal and subterminal spines. Especially interesting were specimens without the short lateral spines, which indicates that the characteristic considered most important for the identification of D. serratus with the light microscope is not constant. Therefore, D. serratus has probably often been overlooked, not recognized, or misidentified as other taxa when identification was solely by light microscopy (LM). The variability among isolates revealed by SEM, including the possible lack of the lateral short spines, indicates that the taxon is in need of revision.
Species-level taxonomy within both Scenedesmus and Desmosdesmus has often been rather haphazard, with examples of poorly defined taxa, duplications, and nomenclatural errors (Hegewald & Silva 1988 ). Many of the over 1300 taxa cataloged by Hegewald & Silva (1988) were considered invalid. In addition, phenotypic plasticity is common in these genera (Lü rling 2003; Trainor 2009) , and it is likely that many named species represent ecomorphs. The prevalence of phenotypic plasticity in Desmodesmus species requires that species descriptions be based on careful work to identify consistent morphological features.
The application of DNA sequence data to taxonomic problems in the Scenedesmaceae has provided significant advances at multiple levels. Most important, the nuclear ribosomal (r)RNA gene internal transcribed spacer-2 (ITS-2) has been shown to provide useful characters for delimiting taxa Van Hannen et al. 2000; Lewis & Flechtner 2004; Hegewald et al. 2005; Vanormelingen et al. 2007) . Recent studies of the utility of ITS-2 sequence data for species-level taxonomy suggest that specific types of substitutions (compensatory base changes or CBCs) within this noncoding region are a measure of speciation in microalgae (reviewed in Mü ller et al. 2007; Coleman 2009) , and this concept has been applied to Desmodesmus (Vanormelingen et al. 2007) .
Desmodesmus serratus has previously been included in a few analyses of ITS-2 sequence data Johnson et al. 2007; Vanormelingen et al. 2007) . Vanormelingen et al. (2007) Hegewald, and to a lesser extent the spined species, Desmodesmus denticulatus (Lagerhheim) S.S. An, Friedl & E. Hegewald. Johnson et al. (2007) found several isolates that possess ITS-2 sequences similar to that of D. serratus, but many of those sequences were distinct enough from the published sequence of D. serratus that the isolates could represent new species.
However, some authors have criticized the use of ITS-2 sequence data as the standard for defining species. Alverson (2008) has critically reviewed the use of DNA sequence data for delimiting diatom species and concluded that rDNA sequences, including ITS-2, are often not adequate for characterizing species. These sequences are often highly variable within a taxon, and, in some organisms, can be heterogeneous in a single genome. To our knowledge, the potential problem of ITS sequence heterogeneity has never been critically examined in Desmodesmus. However, sequencing of the ITS region of a large number of Desmodesmus and Scenedesmus strains (data from Johnson et al. 2007) produced no evidence of heterogeneity as determined using the guidelines of Feliner & Rosselló (2007) . As a result of problems with the use of ITS sequences alone for species characterization, species that were originally defined on the basis of monophyly in ITS-2 analysis have frequently proven paraphyletic or polyphyletic with more extensive sampling. Alverson (2008) recommended examining phylogeny using a multilocus approach involving both nuclear and organelle loci to properly distinguish species, while recognizing that species definitions will still remain somewhat subjective.
On the basis of the demonstrated variability among strains and in natural populations (Tsarenko et al. 2005) , D. serratus is a taxon in need of revision using extensive morphological analyses coupled with analyses of DNA sequence data. In this study we examine the taxonomy of Desmodesmus isolates that were previously identified as D. serratus on the basis of morphology (here referred to as the D. serratus group) or unidentified isolates shown to be allied with D. serratus on the basis of the results of ITS-2 sequence analysis. On the basis of the results of our analyses of nuclear ITS-1, nuclear ITS-2, nuclear 5.8S rDNA, and plastid rbcL sequences, as well as morphological analysis of the cell wall structure, many of these isolates can be referred to D. serratus and five new species. Other isolates can be referred to species closely allied with the D. serratus group. Isolates included in these analyses are from collections made at locations around the world and indicate that most of these species are widely distributed.
MATERIAL AND METHODS

Algal cultures
Forty-one strains previously identified by LM or SEM as D. serratus or found to be allied with D. serratus and related spineless taxa on the basis of ITS-2 sequence data (Johnson et al. 2007) were evaluated (Table 1) . These strains were received from the collections of the Culture Collection of Algae and Protozoa, The Scottish Association for Marine Science, Argyll, UK (CCAP), and the Culture Collection of Algae at The University of Texas at Austin (UTEX) or were in the collection of KPF and MWF or the former collection of E. Hegewald. These strains were compared with strains of the closely related species D. regularis, D. lunatus, D. ultrasquamatus, D. elegans, and D. costatogranulatus (Vanormelingen et al. 2007) . A new isolate of D. ultrasquamatus (MLO-4) was also included. Strains of D. denticulatus were used as an outgroup for ITS-2 sequence analyses, on the basis of the close relationship of this taxon to the ingroup taxa (Johnson et al. 2007; Vanormelingen et al. 2007 ). All of the isolates that were examined in this study with their source locations are presented in Table 1 .
Microscopy
For microscopy, the algae were cultivated in the slightly modified medium of Bourrelly (Hegewald et al 1994) but without soil extract. They were cultured in tubes bubbled with air enriched with 1% CO 2 at 27uC illuminated with a 16:8 h light:dark cycle. For SEM the strains or natural samples were fixed with formaldehyde or glutaraldehyde, dehydrated in 20, 40, 60, 80 and 100% acetone, criticalpoint dried and sputtered with gold. For transmission electron microscopy (TEM) the empty cell walls were separated by sedimentation, washed with distilled water, air dried on a grid, and directly studied. Cultures used for DNA isolation were grown in either the Bourrelly medium (Hegewald et al. 1994) as described in Vanormelingen et al. (2007) or WH+ medium (Fawley et al. 1990 ) as described in Johnson et al. (2007) .
DNA sequencing
Genomic DNA was isolated using either the procedure of Fawley and Fawley (2004) or as described in Vanormelingen et al. (2007) . For some isolates (see Table 1 ), only the ITS-2 rDNA sequence was produced using the procedure of Vanormelingen et al. (2007) . For additional isolates, the polymerase chain reaction (PCR) was used to amplify the rRNA gene region that includes the complete ITS-1, 5.8S rDNA, and ITS-2 using the procedure of Johnson et al. (2007) . Primers used were ITS-AF and ITS-BR of Johnson et al. (2007) (2005) . PCR products were purified using QIAquick cartridges (QIAGEN, Valencia, California, USA) and sequenced using the primers that were used for PCR by the DNA Resource Center, University of Arkansas, Fayetteville, Arkansas, USA. All new sequences were submitted to GenBank, with accession numbers given in Table 1 . All sequence data produced for the complete ITS region were evaluated for heterogeneity using the criteria of Feliner & Rosselló (2007) .
Analyses of sequence data
The full ITS-2 sequence data set for all examined isolates was visually aligned using An analysis of the ITS-1-5.8S-ITS-2 region of the nuclear rRNA cistron was performed for those isolates for which the complete ITS region sequence data are available. All analyses were performed as described above for the ITS-2 region alone. Model parameters used for the ML analysis were substitution rates: AC 1.5424, AG 3.9206, AT 2.6199, CG 1.0079, CT 7.2294, and GT 1.0; nucleotide frequencies: equal; gamma shape parameter: 0.4445; and pinvar: 0.3434. As for ITS-2 alone, separate MP analyses were performed with gaps treated as missing and as a fifth character state.
A subset of the isolates was selected for sequence analysis of the plastid rbcL gene ( Table 1 ). The sequences were concatenated to the ITS alignment for these isolates, and the ITS and rbcL sequence data were analyzed separately by MP, NJ, and ML analyses. The MP analyses were performed with gaps set as a fifth state and the distance matrix was constructed using the HKY85 model. The rbcL data set did not include any gaps. Bootstrap analyses of these analyses were performed as described above. A partition homogeneity test (a test for phylogenetic incongruence among data partitions; Farris et al. 1995) between the ITS-1-5.8S-ITS-2 and rbcL was performed using PAUP. Model parameters for the ML analysis of the ITS data were those used above. Model parameters for the ML analysis of rbcL data were substitution rates: AC 0.616, AG 3.6426, AT 5.5623, CG 0.8724, CT 9.5724 and GT 1.0; nucleotide frequencies: A 0.2972, C 0.1825, G 0.2100, and T 0.3103; gamma shape parameter: 0.6929; and pinvar: 0.6531. An analysis of the combined data set was completed using MP, NJ, and ML methods as described above. For this ML bootstrap analysis, no specific model was selected and GARLI was enabled to select the appropriate model for each bootstrap replicate. To evaluate the total number of substitutions for each DNA region, substitution matrices were constructed in PAUP from the combined data set.
To test for recombination in the combined sequence data set, the RDP method (Martin & Rybicki 2000) as implemented in RDP3 (Martin et al. 2005 ; http://darwin. uvigo.es/rdp/rdp.html) was used. Default settings for the RDP analysis were used, except that the window size was reset to values from 30 to 500 for multiple runs of the analysis.
The secondary structures of ITS-2 sequences were assessed using the mfold server (Mathews et al. 1999; Zuker 2003 ; accessed at http://www.bioinfo.rpi.edu/applications/ mfold/cgi-bin/rna-form1.cgi) with default settings. Secondary structures were drawn using Varna V.3.1 (http://varna. lri.fr/).
Sequence alignments used in this study are available from TreeBase at http://purl.org/phylo/treebase/phylows/study/ TB2:S10405.
RESULTS
Analyses of molecular data
All of the complete ITS sequences generated in this study were considered reliable for use in phylogenetic analysis on the basis of the the criteria of Feliner & Rosselló (2007) . Results of phylogenetic analysis of the ITS-2 data support the monophyly of the evaluated isolates from the D. serratus group (Fig. 1 ) within a larger lineage that includes the small spineless Desmodesmus species D. costato-granulatus, D. ultrasquamatus, D. lunatus, D. elegans. MP analysis with gaps treated as a fifth state produced the same topology as the tree shown, which was produced with gaps considered missing data. Bootstrap values were also similar for the two MP analyses. On the basis of the results of this analysis of the ITS-2 data, the previously sequenced unidentified strains (Johnson et al. 2007 ) Itas 2/24 S-1d, Itas 6/3 T-2w, and Tow 10/11 T-3w can be assigned to D. costato-granulatus; strains Tow 8/18 T-10w and NDem 9/21 T-10w are D. elegans; and the newly sequenced strain MLO-4 can be assigned to D. ultrasquamatus (Fig. 1 ). Strains Tow 6/16 T-17w and Tow 10/11 T-12w, which have ITS-2 sequences identical to that of Tow 8/18 T-10w but not shown in Fig. 1 , are also assigned to D. elegans. In addition, the strains Tow 10/11 T-6w (sequence identical to that of Tow 10/11 T-3w) and Itas 8/18 S-6d (sequence identical to that of Itas 2/24 S-1d) are assigned to D. costato-granulatus.
Results of all analyses of the ITS-2 data suggested monophyly of the D. serratus group; however, this alliance was never supported by bootstrap analysis (Fig. 1) . Within the lineage, most of the strains (19) formed a monophyletic lineage with bootstrap support of over 80% for all analyses (D. serratus in Fig. 1 ). Four other monophyletic sets of isolates were also detected, shown as Desmodesmus santosii, Desmodesmus perdix, Desmodesmus pseudoserratus, and Desmodesmus itascaensis in Fig. 1 . Results of bootstrap analyses supported all of these lineages except D. pseudoserratus, which was supported above 70% only in NJ analysis. However, one of the D. pseudoserratus strains, Hegewald 1975-178 , is thought to have errors in the sequence (E. Hegewald, unpublished observations). Analyses performed with this sequence removed resulted in bootstrap support . 70% for all analyses (data not shown). A final taxon, Desmodesmus serratoides, represented by only a single strain, was also a part of the D. serratus group, but the position of this taxon was unstable among the different analyses. No alliances among the taxa were supported by bootstrap analysis.
The complete ITS-1-5.8S-ITS-2 data set could only be aligned for the D. serratus group and the sequences available for D. costato-granulatus, D. ultrasquamatus, D. lunatus, and D. elegans, which were used as outgroups for phylogenetic analysis. The ITS-1 region of D. denticulatus differed so much from those of the ingroup taxa that only short segments could be aligned with any confidence. The 5.8S region did not vary among examined isolates from the D. serratus group. The same 5.8S sequence was also found for D. lunatus, Hegewald 1975-15 . However, all other 5.8S sequences that have been generated from Scenedesmaceae differ from that of the D. serratus group by at least one substitution.
Analysis of the ITS-1-5.8S-ITS-2 region resulted in greater resolution of lineages than ITS-2 alone (Fig. 2) . The results of these analyses provided strong support for a monophyletic alliance among D. itascaensis, D. serratus, D. serratoides, D. pseudoserratus, D. santosii, and D. perdix and stronger support for each individual lineage than did the results of analysis of ITS-2 data alone (Fig. 1 ). In addition, there is some support for a sister relationship of D. itascaensis to all other D. serratus group taxa, but only with NJ analysis. A sister relationship between D. serratus and D. serratoides is also weakly supported by NJ analysis only. As for the ITS-2 MP analyses, results using gaps as missing or a fifth state produced the same topologies. However, bootstrap support for some lineages was greater when gaps were treated as a fifth state.
The results of analyses of the smaller subset of isolates for which both ITS and rbcL data were available produced similar results for each locus (Fig. 3) . The results of analyses of both loci supported the monophyly of the D. serratus group, although support was weak in rbcL analysis. The low number of outgroup sequences may also have influenced this result. All of the new taxa were supported by the results of analyses of both loci, and the overall topologies of the phylograms were very similar. The only taxa that were placed differently for the two loci were D. serratoides and D. santosii. However, the positions of these taxa were uncertain in the results of each of the analyses, with no bootstrap support. The position of D. serratoides in the results of the analyses of rbcL sequences was different for the MP and NJ analyses but never with bootstrap support. Thus, the results of analyses of both loci produce the same basic topology, and the data can be used for combined analysis. The partition homogeneity test resulted in a P 5 0.34, also suggesting that these sequences can be used for combined analysis. The ability to combine the data is also supported by a lack of evidence for recombination among the loci (see below).
The results of analysis of the combined rbcL and ITS data (Fig. 4) produced strong support for the monophyly of all taxa that include multiple isolates and supported a lineage that comprised D. perdix, D. santosii, and D. pseudoserratus. However, the relationships among these three taxa remain uncertain. The position of D. serratoides also was not resolved by the combined analysis. This analysis also resulted in strong support for a monophyletic D. serratus group.
Comparison of substitutions at different loci
Substitution matrices for ITS-1, ITS-2, and rbcL are given in Tables 2, 3 , and 4 respectively. These tables show results only from taxa with available sequence data for all loci and Within D. serratus, some variation exists among ITS-2 sequences, with a maximum of five substitutions and no indels. However, no variation was observed among ITS-1 sequences from D. serratus. Comparing among the species, these numbers increase to 8 to 10 substitutions and 0 to 1 indels in the ITS-2 among D. perdix, D. santosii, and D. pseudoserratus isolates. For ITS-1, there are 5 to 11 substitutions among the same set of species, and 1 to 2 indels. Other species differ by greater amounts. The ITS-2 of D. itascaensis differs from other species by at least 25 substitutions and from 3-6 indels, whereas other species' ITS-2 sequences differ from each other by 10 to 16 substitution differences and 0 to 3 indels. The ITS-1 region varied less, with a maximum of 13 substitutions and 3 indels. Considering that the ITS-1 region is only about 155 nucleotides whereas the ITS-2 region is about 250 nucleotides, the overall percentage difference among species for the two regions is still somewhat different, with maximum 8.4% for ITS-1 and 12.4% for ITS-2.
The number of substitutions in the partial rbcL sequences between named species typically exceeded 20 and often exceeded 50. The lowest number of substitutions was seen for the comparison of D. santosii and D. perdix, with 13 differences. Within a species, the maximum number of substitutions was nine. Although the total number of substitutions was greater for rbcL than for ITS, the percentage substitution was higher for ITS. ITS-1 + ITS-2 consisted of about 405 nucleotides, whereas the partial rbcL sequence consisted of 845 nucleotides. The maximum number of substitutions for ITS was 37, or 9.1%, and the maximum number of substitutions for rbcL was 52, or 6.2%.
On the basis of consistency indices, the phylogenetic signal present in the sequences was highest for the ITS-2 region and lowest for ITS-1. The consistency indices for the data set used in the combined analysis (Fig. 4) were 0.786 for ITS-1, 0.873 for ITS-2, and 0.801 for partial rbcL.
ITS-2 secondary structure
Predicted secondary structures for all isolates were similar, with the familiar four stem regions (Figs 5-7) . Among D. santosii, and D. serratus (Figs 5, 6 ). Comparisons of the secondary structure of D. itascaensis and the other taxa indicate more differences, with three CBCs and a base-pair indel in a stem region (Fig. 7) .
Taxonomic treatment and descriptions
In this revision, we assigned specimens that would formerly have been placed in the single species, D. serratus, These species share the morphological features of small size (less than 16 mm; Table 5 ) and the possession of one or two subapical spines that are more substantial than the lateral spines (Figs 8-138 ). However, these subapical spines are not found on all cells. All species except D. itascaenesis have coenobia with lateral rows of short spinelike structures (, 1 mm, but in D. serratoides up to 2 mm) on all cells or the terminal cells only. However, these rows of spines are often reduced or not present on all coenobia. The six species also all possess a cell wall substructure of large, slightly tapering warts (diameter 60-200 nm), a feature that they share with the sister species D. elegans and D. costato-granulatus and related taxa (Hegewald et al. 1994; Hegewald & Krienitz 1993; Vanormelingen et al. 2007) . These warts are greatly reduced in number and size in D. santosii. In four-celled coenobia, the cells are linearly or slightly (very rarely strongly) alternately arranged; eight-celled coenobia are linear or, more often, sigmoid, an arrangement that occurs because essentially two groups of four cells are connected to each other. In D. serratus, the coenobia are either surrounded by a mucilage sheet up to 2 mm thick, or they are without mucilage. In this species, the mucilage sheath is a strain characteristic, whereas a mucilage sheath is found in all examined strains of D. perdix and D. pseudoserratus, and the sheath is never seen in D. santosii and D. serratoides.
The species of the D. serratus group are hardly distinguishable from some other Desmodesmus species, especially Desmodesmus arthrodesmiformis, by LM. However, SEM reveals simple tubular warts scattered over the cell walls of D. arthrodesmiformis (Hegewald et al. 1990) , structures that are never seen in D. serratus. In addition, the results of analyses of ITS-2 sequence data show that D. arthrodesmiformis is in a very different lineage from the D.
serratus group Johnson et al. 2007 ). The enigmatic species, Desmodesmus pseudodenticulatus, is also nearly indistinguishable from some species of the D. serratus group by LM and SEM. The only way that this species differs from all of the members of the D. serrratus group is by the presence of well-developed basal rods associated with the large warts. (Hegewald & Schnepf 1978) . However, results of analyses of unpublished ITS-2 sequence data from D. pseudodenticulatus (E. Hegewald and A. Braband) place this species outside of the D. serratus lineage (data not shown). Unfortunately, the only strain of D. pseudodenticulatus has been lost, so more detailed analysis of this species is not possible at this time.
We select the name D. serratus for the taxon represented by the most isolates. This species includes 19 strains from diverse locations around the world. The strains of D. serratus differ much in cell shape and size, the formation of a mucilage sheath, and the development and distribution of spinelike structures and cell wall ultrastructure features including rosettes. Although different strains of D. serratus have somewhat different morphologies, there are few nucleotide substitutions in the loci we examined. Both the ITS-1 and 5.8S sequences have no differences, the ITS-2 sequences have a maximum of five substitutions and no indels, and the partial rbcL sequences have a maximum of nine differences (Tables 2-4 According to Komá rek & Fott (1983) further synonyms are S. kerguelensis Wille, S. arvernensis R. & F. Chodat, S. serratus f. minor R. Chodat, and S. serratus f. interruptus Philipose. However, without DNA analysis we cannot assign these taxa to one of the species of the D. serratus group or to other species that appear similar under the light microscope, such as D. arthrodesmiformis (Schrö der) E. Hegewald or D. pseudodenticulatus (E. Hegewald) E. Hegewald.
LECTOTYPE: Description of Corda (1839) (Table 5 ). The strains can be divided into two size groups with average cell lengths of 9.9-12.5 mm or 6.2-8.9 mm (Table 5 ). The cells are usually elliptically elongate with a cell length:cell width ratio of about 3:1 (Table 5) , although two strains from a pond in New Zealand (Hegewald 1987-32 and Hegewald 1987-33) are shorter and have ovate cells with a cell length:cell width ratio of about 2.2:1 (Table 5 ). The cells of the coenobia are usually linearly arranged but sometimes the cells are alternately arranged; if strongly alternating the coenobia can resemble D. denticulatus (e.g. An 1996-16: Fig. 40) . Rarely, strains have slightly recurved cell tips similar to those of D. lunatus (e.g. Hegewald 1987-18: Fig. 51 ).
The rows of spines of the outer cells are in one row. A second row is sometimes developed, but this row is reduced, as are the rows on the inner cells. On the outer cells the rows of spines are usually shifted to one side of the cells, and therefore they are not visible in all specimens under the light microscope (e.g. Figs 45, 46, 55, 56, 66, 67) . Spine length is up to 1 mm; the one or two subpolar spines are stronger (composed of several tubes) and slightly longer than the lateral spines (usually composed of two or three tubes). The polar/subpolar spines are tapering to the top and in some strains (D. serratus, Hegewald 1977-146: Figs 41, 42; Hegewald 1987-32: Figs 61, 62) they sometimes (rarely) resemble the spines of D. santosii (see below).
One strain (Hegewald 1977-284) differs in cell wall ultrastructure from all other D. serratus strains because it has a netlike structure in addition to the large warts (Figs 49, 50) . This structure could simply be mucilage that usually condenses after fixation to form stringlike structures. However, the netlike structure of this strain is also visible under TEM (Fig. 50) . Mucilage is generally not visible under TEM. Hence the netlike structure is likely real, probably algaenan and not mucilage. 9.3-10.6-11.7 3 2.9-3.6-4.5 (four-celled) 2.9:1 8.6-9.9-11.0 3 2.7-3.2-3.6 (eight-celled) 3. 9.3-10.5-11.6 3 2.6-3.7-4.7 2.9:1 Hegewald 1999-15 6.0-6.7-7.7 3 2.1-2.6-3.1 2.6:1 Jeon 1999-11 5.4-6.3-8.2 3 2.1-2.7-3.3 (two-celled) 2.4:1 5.2-6.2-7.4 3 1.9-2.1-2.4 (four-celled) 2.9:1 Tow10/11 T-17W 6.9-7.8-9.3 3 2.1-3.0-3.6 2.7:1 D. serratoides Hegewald 1994-16 9.3-11.3-14.3 3 3.1-4.1-5.4 (four-celled) 2.7:1 10.0-11.8-13.7 3 2.9-3.6-4.3 (eight-celled) 3.1:1 D. perdix An 112A 8.3-9.5-12.6 3 2.6-3.4-5.7 2.7:1 Hegewald 1980-5 9.5-10.5-13.3 3 2.9-3.5-4.3 (four-celled) 3.1:1 8.3-9.9-11.2 3 2.5-3.4-4.8 (eight-celled) 2.9:1 Hegewald 1988-33 6.9-9.2-12.1 3 2.4-3.5-5. Under the light microscope the strains of D. serratus differ in the formation of a mucilage envelope. Some strains have a thick mucilage envelope, such as the Hungarian strains (Hegewald 1999 -15, Jeon 1999 , whereas other strains lack a mucilage envelope (An 43B, Hegewald 1988-44) . The strain Hegewald 1977-284 , which has the unique netlike cell wall structure, sometimes has traces of mucilage.
The warts of D. serratus are mainly without basal rods except for a few strains that have very short rods (strains Hegewald 1977-146, Figs 41, 42; and Hegewald 1977-153, Figs 43, 44) . Only the strain Hegewald 1987-18 from Tuscaloosa, Alabama, USA developed short ribs (Fig. 54) . In two strains rosettes are visible (strains Hegewald 1977-284, Fig. 50; and Hegewald 1994-4, Figs 57-59) .
The strain labelled D. serratus by An et al. (1999) is not that species but instead is D. pseudoserratus, as described below. Desmodesmus serratus is also distinguished from other taxa of the group by differences in ITS-125.8S2ITS-2 and rbcL sequences as well as features of the ITS-2 secondary structure. DISTRIBUTION Cellulae exteriores coenobiorum ordinibus duobus, cellulae interiores ordinibus singulis spinarum instructae, spinis 2 mm longis; cellulae verrucis magnis obtectae. Species ordine nucleotidorum in regione intervallari internali transcripta (ITS) geni ad ARN ribosomatum nuclearium distiguenda. Cell size 9.3-14.3 3 2.9-5.4 mm, averages 11.3-11.8 3 3.6-4.1 mm ( Table 5 ). The cells are elliptical elongate with cell length:cell width of about 3:1. Cell wall structures as in D. serratus but the outer cells of the coenobia have two well-developed rows of spines and the inner cells have one row of spines. Spine length is about 2 mm, noticeably longer than other species in the D. serratus group. The large warts are usually with basal rodlike structures (e.g. Fig. 73 ). Under the light microscope, D. serratoides is distinguished from other species of the D. serratus group by the long spines in well-developed rows. The strain has no mucilage envelope. Also distinguished from other Desmodesmus taxa because of differences in ITS-125.8S2ITS-2 and rbcL sequences as well as features of the ITS-2 secondary structure. Cell size 6.9-13.3 3 2.4-5.7 mm, averages 11.2-13.3 3 3.4-3.5 mm ( Table 5 ). The cells are elliptical elongate with cell length:cell width of about 3:1. The outer cells of the coenobia have two rows of spines; the inner cells with one row. The strain An 112 often has coenobia with recurved cell tips as typically for D. lunatus (Fig. 78) (Fig. 12) were isolated. propriis ornatis; cellulae verrucis tantum paucis instructae. Species ordine nucleotidorum in regione intervallari internali transcripta (ITS) geni ad ARN ribosomatum nuclearium distiguenda. Cells elongate-ovate, cell size 6.7-13.8 3 2.4-6.0 mm, averages 9.0-10.0 3 3.2-4.3 mm (Table 5) , arranged linearly in flat four-or eight-celled coenobia. The cells are elliptical elongate with cell length:cell width 2.4-2.8:1. No mucilage sheath was observed. The cell surface has a greatly reduced number of warts compared with other members of the D. serratus group and these warts are not arranged in rows (Figs 103-111) . The outer cells have two rows of spines, the inner cells one row. The spines are characteristically branched at the top, and the two (rarely three) branches are at an angle of (45)-90-135u to the spine; sporadically they have one or two additional branches below the top branches. Both LM and SEM micrographs of the North American D. santosii strain, Tow 8/18 P-14w, were previously published (Johnson 2005) Cellulae exteriores coenobiorum ordinibus duobus, cellulae interiores ordinibus singulis spinarum instructae, spinis brevioribus quam 2 mm; cellulae verrucis dense obtectae. Species ordine nucleotidorum in regione intervallari internali transcripta (ITS) geni ad ARN ribosomatum nuclearium distiguenda.
The cells are elliptical elongate with size 7.0-13.1 3 2.3-5.1 mm, averages 7.9-11.0 3 3.1-4.0 mm and cell length:cell width about 3:1 (Table 5) . A mucilage sheet is present in all strains. Desmodesmus pseudoserratus cannot be reliably distinguished from D. serratus and D. perdix by LM (Figs 112-116) or SEM (Figs 117-122) . The two Asian strains (Hegewald 1975-178 , AN85A) of D. pseudoserratus are smaller than the two European strains (AICB410, Hindá k 1975-108) ( Table 5 ). The Indian strain, Hegewald 1975-178, was studied by light and electron microscope (Hegewald et al. 1990) , and there is a published ITS-2 sequence of that strain ; however, there may be errors in this sequence that need to be re-examined.
Desmodesmus pseudoserratus is distinguished from other
Desmodesmus taxa by differences in rbcL, ITS-1, 5.8S, and ITS-2 sequences and unique features of the ITS-2 secondary structure.
HOLOTYPE: Figs 117-119 of strain AICB 410, which is maintained and cryopreserved in the CCAP as CCAP 258/127. Omnes cellulae coenobiorum sub utroque apicem parte brevi acuta dentiforme, e verrucis magnis constante, ornatae; cellulae verrucis dense obtectae. Species ordine nucleotidorum in regione intervallari internali transcripta (ITS) geni ad ARN ribosomatum nuclearium distiguenda. Cells elongate ovate (length to width in average 3.2:1) arranged linearly to alternately in four-or eight-celled coenobia. Coenobia grown on agar medium are uniformly two-celled. Cell size 7-10.5 3 2.3-3.3 mm (Table 5 , Figs 123-131 ). All coenobia have subpolarly on both ends of each cell a very short acute toothlike structure that points to the center of the coenobium. These toothlike structures are just visible under the light microscope (Figs 123-127) . SEM reveals that the toothlike structures are composed of one to three acute large warts (length covered by large warts (about 90-140 3 70-90 nm), similar to those of the taxa of the D. serratus group. However, unlike the warts of most of the strains of the D. serratus group, these warts have short basal rods as in D. pseudodenticulatus. The rosettes are built of two circles; the outer one is built of short tubes (110 3 150 nm) and the inner one is a wall with stiffeners (or of tubes?) of about 300-nm length (Fig. 138) . Desmodesmus itascaensis is also distinguished from other Desmodesmus taxa because of differences in rbcL, ITS-1, 5.8S, and ITS-2 sequences, and features of the ITS-2 secondary structure. Figs 96-98. Desmodesmus perdix under SEM. Scale bars represent 1 mm. Fig. 96 . Desmodesmus perdix strain Tow6/16T-26W, four-celled coenobium embedded in a mucilage envelope that appears as threadlike or platelike structures and with a row of spines on the outer cell wall. Fig. 97 . Desmodesmus perdix strain Tow6/16T-26W, four-celled coenobium without a mucilage envelope, without rows of spines on the outer cell wall. Fig. 98 . Desmodesmus perdix strain Tow6/16T-26W, detail of a four-celled coenobium without a mucilage envelope, with a row of spines on the outer cell wall and with rosettes (R). Figs 103-106. Desmodesmus santosii under SEM. Scale bars represent 1 mm, except Fig. 106, 3 mm. Fig. 103 . Desmodesmus santosii strain ACOI 522, four-celled coenobium with rows of spines on all cells. Fig. 104 . Desmodesmus santosii strain ACOI 522, four-celled coenobium without rows of spines on the outer cell wall (slightly visible on the right cell). Fig. 105 . Desmodesmus santosii strain ACOI 522, four-celled coenobium with alternatingly arranged cells, with reduced rows of spines. Fig. 106 . Desmodesmus santosii strain ACOI 522, eight-celled coenobium with rows of spines on all cells, cells slightly sigmoidly arranged.
Figs 107-111. Desmodesmus santosii under SEM.
Figs 107, 108. Desmodesmus santosii strain ACOI 857, four-celled coenobia without visible rows of spines. Scale bars represent 3 mm. Fig. 109 . Desmodesmus santosii strain ACOI 857, coenobium with rows of spines. Scale bar represents 1 mm. Fig. 110 . Desmodesmus santosii strain ACOI 857, spines enlarged. Scale bar represents 500 nm. Fig. 111 . Desmodesmus santosii strain ACOI 857, eight-celled coenobium with rows of spines on all cells, cells slightly sigmoidly arranged. Scale bar represents 5 mm.
DISTRIBUTION: USA, type location. Also known from Germany by SEM only (Tsarenko et al., 1996) .
DISCUSSION
Desmodesmus serratus was first described by Corda (1839), but the illustration and description given are not in agreement. Contrary to the text of the description, the ornamentations shown in that illustration are more likely ribs, not spines (Fig. 139) . A taxon that is similar to Corda's illustration is shown in Hegewald et al. 1990 (e.g. pl. 31, figs 1b, f, g, 3g, h; pl. 36, fig. 1 or pl. 42, figs 1c, e, 3d, e, i; pl. 43) . The spinelike structures are formed by tubes that project from the ribs with a repeating series of different lengths that results in a wavy pattern or a sawtooth appearance (Hegewald et al. 1990, pl. 43) . These ribs have similarity with the illustration of Corda (1839), but the taxa in Hegewald et al. (1990) are not related to D. serratus but are a subtaxon of D. armatus (Chodat) E. Hegewald. The translation of the description of Corda (1839) is: 'Four cells, pale green, with teeth on one side, in each cell an oily drop (5 pyrenoid).' Compared with Corda's ambiguous illustration, the sparse description is unambiguous; hence we selected the description as type and excluded the illustration. The illustration by Bohlin (1901) is widely considered the appropriate illustration for D. serratus, but it also shows too many spines. Hence it is apparently also related to the D. armatus group and has to become excluded from the D. serratus group. The results of our DNA sequence analyses revealed that isolates that have been identified under the name D. serratus are, in fact, several species that are difficult to distinguish by LM. Three of these species are morphologically so similar (D. serratus, D. perdix, and D. pseudoserratus) that they cannot be unambiguously distinguished even by SEM. These results parallel findings in green microalgae with simple morphologies; that is, morphologies that appear to be identical often mask multiple cryptic species.
The basic characteristic of D. serratus from the original description is the presence of one lateral row of spines on the walls of all outer cells. However, as can be seen in our illustrations of strains that usually have lateral rows of spines (e.g. Figs 42, 52, 65, 86, 97) , many coenobia do not have these rows of spines. Moreover, for those specimens where spines are present in a single row they are not on the outermost edge of the cells, but are shifted to the ventral side and hence only visible on one side of the coenobium (Figs 66, 67) . Thus, the spines on these specimens may not be visible under the light microscope and under the electron microscope in 50% of the coenobia. As a result of these observations, the original description of D. serratus has been altered here to better indicate the position of the spines and the variability in presence of lateral spines.
In the case of D. serratoides there are two rows of spines on the outer cells of coenobia, and at least one row should be visible from either side (e.g. Fig. 70 ). Desmodesmus perdix and D. pseudoserratus are somewhat variable in the number of rows of spines, with some individual coenobia possessing two (often partial) rows whereas other coenobia only have one row of spines. Isolates of D. santosii always had two rows of spines on the outer cells and a single row of spines on the inner cells of the coenobium, similar to those of D. serratus except that the tip of the spines branched with slight projections that were at right angles (or less) to the shafts of the spines. Additional side branches or projections are also sometimes found in D. santosii.
Especially within the species D. serratus morphological variation is rather high. The size distribution of the isolates of this species includes two distinct sets (Table 5) . However, these sets are not supported by the results of analysis of DNA sequence data. The only good association is that the isolates from New Zealand are all very small and also are allied in the results of sequence analysis, but little can be ascertained from only three isolates from two locations. The mean cell lengths of all of our specimens of D. serratus except Hegewald 1977-114 would place them within the length range of Chodat's (1926) description of S. serratus f. minor; however, we see no support for forms or varieties within D. serratus at this time. We have not found any specimens of D. serratus that approach the length given by Philipose (1967) for S. serratus f. interruptus (length 22-26 mm), and it is likely that that taxon is not an actual form of D. serratus.
The results of phylogenetic analyses indicate that the D. serratus group is a monophyletic lineage allied with the small, spineless Desmodesmus species. This alliance is in agreement with previous results, and this lineage appears to be a significant sublineage within the genus Desmodesmus (Johnson et al. 2007; Vanormelingen et al. 2007) . However, only ITS-2 sequence data have been generated for many species of Desmodesmus, and this locus alone is not adequate for assessing the phylogenetic relations with the Scenedesmaceae and Desmodesmus (Vanormelingen et al. 2007) . Our results indicate that rbcL is an excellent locus for examining species-level variation in Desmodesmus. The rbcL locus has a larger number of characters and substitutions than ITS-2, and many more substitutions Figs 117-122. Desmodesmus pseudoserratus under SEM. Fig. 117 . Desmodesmus pseudoserratus strain AICB 410, four-celled coenobium, rows of spines are visible, one on each inner cell and two rows on the outer cells. Scale bar represents 3 mm. Fig. 118 . Desmodesmus pseudoserratus strain AICB 410, eight-celled ceonobium, on outer cells one row of spines is visible, on the inner cells the rows of spines are strongly reduced. Scale bar represents 5 mm. Fig. 119 . Desmodesmus pseudoserratus strain AICB 410, cell wall ultrastuctures enlarged. Scale bar represents 500 nm. than 18S rDNA, a locus that has often been used to examine relationships among genera of the Chlorophyceae. In addition, rbcL is a protein-coding locus and alignment across genera is usually unambiguous. This locus is likely to be very useful for examining phylogenetic relationships within the Scenedesmaceae. However, at this time, not enough rbcL sequences are available from Desmodesmus and the Scenedesmaceae to perform an analysis of the phylogenetic relationships among the taxa within the family. We recommend that future studies of the diversity of the Scenedesmaceae include rbcL sequence analysis. Sequence data from ITS-1 and 5.8S rDNA also add some information useful for phylogenetic inference in Desmodesmus. The 5.8 rDNA locus is too short and too conserved for differentiating our new species, but it does provide some information useful for understanding relationships among species. On the other hand, ITS-1 provides information for differentiating among species, but alignment outside individual lineages is impossible at this time. Because of the additional information that can be gained by using these two regions, we recommend that they be included with ITS-2 data in species-level studies. With a length of only about 580 base pairs, the three regions can be sequenced simultaneously with no more effort than sequencing ITS-2 alone.
Our new species are difficult or impossible to distinguish by LM. In fact, some isolates of D. serratus and all of the isolates of D. pseudoserratus and D. perdix cannot be discerned even by SEM. Other isolates of D. serratus have variable morphologies, with two size classes and other groups within the species that are distinguishable by LM or SEM; however, these morphological groups are not supported by the results of DNA sequence analyses. Thus, D. serratus is a morphologically variable species, although additional taxa may be detected from within this species with the analysis of more variable DNA regions. Similar problems with species identification by morphology alone have been noted for many microalgae, including some species of Scenedesmus, a genus closely related to Desmodesmus in the Scenedesmaceae. Lewis & Flechtner (2004) examined microalgae from desert crusts and characterized the new species, Scenedesmus deserticola and Scenedesmus bajacalifornicus, both of which were morphologically indistinguishable from the aquatic species, Scenedesmus obliquus (Turpin) Kü tzing. These three species differed in ITS-2 sequence by a maximum of 20 substitutions and indels and a minimum of seven substitutions. Only a single CBC was found. Lewis & Flechtner defined the new species on the basis of monophyly of each of the three species in the results of analyses of the complete ITS region and the fact that habitats of the species are different.
For our new species of Desmodesmus, we see divergences of the ITS-2 sequences similar to those seen by Lewis & Flechtner (2004) . Within D. serratus as defined here, isolates vary by at most five substitutions. Variation among species is as few as eight substitutions between D. perdix and D. santosii but is typically more than 10 substitutions. Moreover, the only new species that can be clearly defined by the presence of CBCs are D. itascaensis, with three CBCs compared with other species, D. serratoides, with a single CBC, and D. pseudoserratus, also with a single CBC. Recent reviews have focused on the use of CBCs as indicators of speciation (Coleman 2003 (Coleman , 2009 Mü ller et al. 2007) . Evidence has accumulated that if CBCs are present in particular regions of the ITS-2, then it is extremely likely that the specimens have diverged to the point that they represent different biological species. However, CBCs can be seen as a conservative measure of speciation (Mü ller et al. 2007) , and even if CBCs are not present, two populations may have diverged into separate species by reproductive or habitat isolation. Lewis & Flechtner (2004) conclusively argued that populations with very different habitats, but no CBCs or morphological differences, should still be considered separate species.
No habitat differences are immediately apparent for our Desmodesmus species. All new species are known from eutrophic water bodies, and some of the species have also been isolated from mesotrophic and dystrophic habitats. In fact, four of the six species of the D. serratus group have been isolated from a single dystrophic pond in Itasca State Park. Thus, we cannot invoke species definitions on the basis of concordance of habitat and ITS phylogeny as did Lewis & Flechtner (2004) . Instead, we have chosen species criteria on the basis of analyses of phylogeny from multiple loci combined with detailed morphological analysis of the cell wall substructure. The use of multiple loci also provides evidence concerning reproductive isolation through an evaluation of recombination. Recent studies have shown that ITS and rbcL sequence data can be effective for studying recombination (Casteleyn et al. 2009 ). Finally, the features of the secondary structure of the ribosomal ITS-2 were also used to delimit species. The use of multiple approaches to delimit species in a phylogenetic context is consistent with the lineage-based species concept (Alverson 2008), which was derived from the unified species concept of de Queiroz (2007) .
Using this approach, we find support for all the new species on the basis of multiple criteria (Table 6 ). All of our new species that are represented by multiple strains are monophyletic in the results of analyses of DNA sequence data from multiple loci. Desmodesmus serratoides is represented by only a single strain and relationships with other taxa are not stable in the results of phylogenetic analyses. Thus, monophyly of this taxon is uncertain. Desmodesmus itascaensis is also somewhat problematic because all the sequenced isolates are from the same small pond and could be the descendents of a single original colonizing cell or coenobium and may represent different isolates of the same clone. However, Desmodesmus itascaensis cannot be included with any other species of the D. serratus group unless all of the strains are reduced to a single, all-inclusive species. Thus, the criterion of mono- Figs 132-134. Four-celled coenobia. Fig. 132 . Linearly arranged cells embedded in mucilage. Fig. 133 . One outer cell shows a row of warts. Fig. 134 . Cells slightly alternating. Fig. 135 . Eight-celled coenobium.
phyly supports all the new species except possibly D. serratoides.
Compensatory base changes in the ITS-2 secondary structure also support D. itascaensis, D. serratoides, and D. pseudoserratus. In addition, there is no evidence for recombination among the studied loci for any of the species.
Finally, there is concordance among the results from DNA sequence analyses and cell wall morphology as revealed by SEM. Except for D. itascaensis, morphological differences among the species are mostly slight, but there are some consistent differences across these species. Desmodesmus serratus is the most variable among the species, which may simply reflect the larger number of isolates examined. However, all isolates of D. serratus have cells densely covered by warts. Spines, when present, are always in only a single row. The species that may be most closely related to D. serratus on the basis of the results of DNA sequence analysis is D. serratoides. The morphology of D. serratoides is distinct from that of D. serratus, with two rows of spines, and the spines are longer than found in D. serratus. On the other hand, two species from a distinct lineage within the serratus group, D. perdix and D. pseudoserratus, strongly resemble D. serratus, except for a slight tendency to two rows of spines in some isolates of these two species. Desmodesmus santosii, which is closely related to D. perdix and D. pseudoserratus in the results of sequence analysis, has a unique morphology among isolates (2007) conceptualizes species as individual evolutionary lineages. Any feature that can be used as evidence to support these lineages is valid, but they stressed that species with multiple supporting criteria are less likely to be rejected after extensive sampling than those species with fewer supporting criteria. Our new species are supported by the results of phylogenetic analyses of multiple loci and a lack of evidence for genetic recombination. Most species are supported by morphological criteria, and some are supported by features of the secondary structure of ITS-2. Together, these criteria make a powerful case for delimiting these new species.
The results of our analysis of sequence data have indicated that no genetic exchange is taking place among these species. For genetic exchange to occur, these organisms would have to sexually reproduce. However, available evidence suggests that sexual reproduction in Desmodesmus is, at best, a rare event . Our results provide no evidence for sexual reproduction, even among the closely related strains of D. serratus. All of the new taxa except D. serratoides (with only a single strain) are known from widely disjunct locations, and in some cases isolates with identical sequences at all loci examined were obtained from different continents. These results suggest that there should be ample opportunity for sympatry of these taxa and the potential for interbreeding if sexual compatibility is present. Four of the taxa described here (D. perdix, D. santosii, D. serratus, and D. itascaensis) were isolated from one small pond in Itasca State Park with no evidence of interbreeding. Overall, our evaluation suggests that these species either represent independent, sexually reproducing lineages, or that members of the D. serratus group only reproduce asexually. It is still possible that sexual reproduction only occurs among sublineages within our species. The careful analysis of many isolates from local populations will be required to evaluate sexual reproduction in these organisms.
The isolation of strains of nearly all the species of the D. serratus group from widely different locations around the world indicates that these species are likely cosmopolitan in distribution. In addition, four of the species from the D. serratus group were isolated from one location (Tower Pond) in Itasca State Park, Minnesota. Two of these species (D. serratus and D. itascaensis) were frequently isolated from this site, with nine strains of D. serratus and four isolates of D. itascaensis isolated during intensive sampling and culturing (Johnson et al. 2007) . These results would suggest that the 'everything is everywhere' concept of the distribution of eukaryotic microorganisms (Finlay 2002) can be applied to the D. serratus group. However, intensive culturing from nearby lakes and ponds (in some cases within a few hundred meters of Tower Pond) resulted in no isolates from the D. serratus group (Johnson et al. 2007) . Thus, although these species are widely distributed geographically, there clearly are factors controlling their distributions that we do not understand and it is likely that these species relate to somewhat specific microhabitats.
Conclusions
Our results demonstrate the variability present in one lineage of the genus Desmodesmus and the importance of analyzing this variability using sequence data from multiple loci and morphology. The application of a combined analysis of the ITS-125.8S2ITS-2 region, and rbcL sequence data and morphological analysis can yield consistent results and help clarify species questions in this genus. The ITS regions and rbcL are especially informative for species questions in Desmodesmus because they appear to be evolving at similar rates and possess about the same phylogenetic signals at the species level. The application of combined ITS and rbcL sequence analysis to large numbers of isolates from other lineages within Desmodesmus will likely result in the descriptions of additional species.
Unfortunately, some of the species that we describe here cannot be reliably distinguished by LM, making either SEM or sequence analysis critical for the identification of individual species. However, with the use of these tools it should be possible to better understand the distributions and ecologies of these species.
